The masses of pancreatic islets are decreased in individuals with type 2 diabetes (4), suggesting that this defect may be a cause of this condition. Signaling pathways triggered by insulin or insulin-like growth factor 1 (IGF-1) have been implicated in maintenance of islet mass (8, 17, 19, 28, 31) . We have shown that 3-phosphoinositide-dependent protein kinase 1 (PDK1) contributes to signaling by insulin or IGF-1, which is responsible for regulation of both the numbers and the sizes of pancreatic ␤ cells in mice (8) . We also found that the signals for regulation of cell number and cell size diverge downstream of PDK1, with the transcription factor Foxo1 contributing to regulation of cell number (8) .
Tuberous sclerosis is an autosomal dominant disorder characterized by the formation of hamartomas in the brain, skin, kidneys, and heart, with TSC1 and TSC2 having been identified as causative genes for this condition (13, 30) . Tuberous sclerosis complex 2 (TSC2) is a component of the signaling pathway mediated by phosphatidylinositol 3-kinase and Akt, which modulates mTOR (11, 23) . TSC2 possesses GTPase-activating protein activity toward Rheb, a member of the Ras family of GTPases (5, 12) . Akt-mediated multisite phosphorylation of TSC2 inhibits the ability of TSC2 to act as a GTPase-activating protein toward Rheb, resulting in accumulation of the GTPbound form of Rheb and consequent activation of mTOR complex 1 (mTORC1) (11) . This role of TSC2 in insulin signaling prompted us to examine whether TSC2 contributes to negative regulation of ␤-cell size. To this end, we generated mice in which Tsc2 is deleted specifically in pancreatic ␤ cells (␤TSC2 Ϫ/Ϫ mice).
MATERIALS AND METHODS

Mice.
A targeting vector of a floxed Tsc2 allele was constructed using a genomic DNA clone from the 129/Sv mouse strain (Fig. 1A, 17 Briefly, we employed a cassette which expresses both Neo and herpes simplex virus thymidine kinase (HSV-TK) under the control of the internal ribosome entry site (IRES) (a gift from R. Jaenisch) (32) . One loxP sequence was introduced in intron 2, and the Neo-IRES-TK cassette was introduced between two loxP sequences in intron 4. The orientation of the Neo-IRES-TK cassette was reverse relative to that of the Tsc2 gene. The diphtheria toxin A chain expression cassette was used as a negative selection marker. The linearized targeting vector was introduced into J1 embryonic stem (ES) cells, and G418-resistant clones were analyzed by Southern blotting to isolate the homologous recombinant (Fig. 1B) . Next, Cre recombinase was transiently expressed in homologous recombinant cells by using adenoviral vector (Adex-Cre), and negative selection with medium containing 1-(2-deoxy-2-fluoro-␤-D-arabinofuranosyl)-5-iodouracil (FIAU; 0.8 M), an HSV-TK substrate, was performed to ensure deletion of the marker cassette. By Southern blot analysis, ES cell clones carrying a floxed Tsc2 allele were identified (Fig. 1C) flox/ϩ mice with transgenic mice which ubiquitously express Cre, we generated mice heterozygous for a deletion mutant allele and found renal carcinogenesis in those mice, confirming that Tsc2 is inactivated by deletion of exons 3 and 4 (T. Kobayashi et al., unpublished results) (16) .
We generated pancreatic ␤-cell-specific TSC2 knockout (␤TSC2 Ϫ/Ϫ ) mice by breeding TSC2 flox/flox mice with mice that express the Cre recombinase gene under the control of the promoter of the rat insulin 2 gene (Ins-Cre mice), which were kindly provided by M. Magnusson (22) and P. Herrera (10) . Animals were maintained, and blood glucose, plasma insulin, cholesterol, triglyceride, and free fatty acid concentrations were determined, as described previously (9, 14) . Only male mice were used for experiments. This study was performed according to the 15, 30, 60 , and 120 min after the oral administration of glucose (1.5 mg/g of body weight). For measurement of acute insulin release, glucose (3 mg/g) was injected intraperitoneally and blood was collected immediately before and every 2 min for 18 min after injection (19) .
Immunoblot analysis. For determination of the abundance of TSC2, total tissue homogenates were subjected to immunoblot analysis with antibodies to TSC2 (Cell Signaling). Lysates of isolated islets that had been stimulated (or not) with 100 nM recombinant human IGF-1 (Pepro Tech) were prepared as previously described (14, 27) . The lysates were probed with antibodies to TSC2, Akt, the phospho-Thr 308 form of Akt, the phospho-Ser 473 form of Akt, Foxo1, the phospho-Thr 24 form of Foxo1, p70 S6 kinase, the phospho-Thr 389 form of p70 S6 kinase, 4E-BP1, the phospho-Thr 37 and -Thr 46 forms of 4E-BP1, S6, the phospho-Ser 235 and -Ser 236 forms of S6, or the cleaved form of caspase-3 (all from Cell Signaling). Antibodies to insulin receptor substrate 1 (IRS-1) or to IRS-2 (both from Upstate Biotechnology) as well as those to ␤-actin or to ␣-tubulin (both from Sigma-Aldrich) were also used.
Immunostaining and morphometric analysis of islets. Three to five mice of each genotype at 6 or 40 weeks of age were subjected to morphometric analysis. Pancreatic sections were subjected to two-color immunofluorescence staining with antibodies to insulin and to glucagon (both from Dako). For morphometric analysis, images of islets were traced manually and analyzed with the use of WinROOF software (Mitani). The cross-sectional areas of islets with more than five insulin-positive cells were measured for at least three sections separated by 200 m. Islet density was determined as the number of islets divided by the total area of the pancreas. Total ␤-cell mass was calculated as the total ␤-cell area expressed as a percentage of the total area of the pancreas. The sizes of individual ␤ cells were determined as the total ␤-cell area divided by the total number of ␤ cells, which yielded results similar to those obtained by direct tracing of ␤ cells. The number of ␤ cells was expressed per mm 2 of the total area of the pancreas.
Rapamycin treatment. Control and ␤TSC2 Ϫ/Ϫ mice were treated from 18 to 40 weeks of age with intraperitoneal injections of 2 mg/kg of body weight of rapamycin (LC Laboratories) every other day. A 10-mg/ml stock solution of rapamycin was made in 100% ethanol, stored at Ϫ20°C, diluted to 0.5 mg/ml in vehicle (5% Tween 80 and 5% polyethylene glycol), and then used within 24 h.
Statistical analysis. Data are presented as means Ϯ standard errors of the means (SEM) and were compared by analysis of variance. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Generation of ␤-cell-specific TSC2 knockout mice. We first generated ␤TSC2 Ϫ/Ϫ mice with the use of mice that overexpress the gene for Cre recombinase under the control of the rat insulin 2 gene promoter (Ins-Cre mice), which were provided by M. Magnuson (22) . However, the resulting ␤TSC2 Ϫ/Ϫ mice died manifesting epileptic seizures around 3 weeks of age, possibly as a result of Cre expression in the brain (18, 21) . We therefore generated the ␤TSC2 Ϫ/Ϫ mice used in the present study with the use of another line of Ins-Cre mice, provided by P. Herrera (10) .
We examined whether the insertion of Cre or loxP sequences into the mouse genome affected glucose metabolism or ␤-cell function. There were no significant differences in blood glucose or plasma insulin concentrations in the fasting or fed state, or in the insulin responses to intraperitoneal glucose administration, among wild-type mice, Ins-Cre mice, or TSC2 flox/flox mice at 8 weeks of age (Table 1 and Fig. 1D ). We therefore used TSC2 flox/flox mice as control animals. Immunoblot analysis showed that the amounts of TSC2 in islets were reduced by ϳ90% in ␤TSC2 Ϫ/Ϫ mice compared with those in control animals ( Fig. 1E ). The abundances of TSC2 in the brain, hypothalamus, adipose tissue, liver, lung, kidney, and skeletal muscle were similar in ␤TSC2 Ϫ/Ϫ and control mice (Fig. 1F ). These results thus indicated that ␤TSC2 Ϫ/Ϫ mice indeed are deficient in TSC2, specifically in pancreatic ␤ cells.
Metabolic characteristics of ␤TSC2 ؊/؊ mice. The blood glucose levels of ␤TSC2 Ϫ/Ϫ mice in the fed state were significantly lower than those in control mice (120 Ϯ 6 versus 158 Ϯ 10 mg/dl) at 4 weeks of age, and this difference was maintained until 32 weeks of age ( Fig. 2A ). All ␤TSC2 Ϫ/Ϫ mice survived this hypoglycemic period. The plasma insulin concentrations of ␤TSC2 Ϫ/Ϫ mice in the fed state tended to be higher at 4 weeks and were significantly higher at 12 weeks than those of control mice (Fig. 2B) . The blood glucose and plasma insulin concentrations of ␤TSC2 ϩ/Ϫ mice were similar to those of control mice at 8 weeks of age (data not shown). There were no significant differences in the plasma concentrations of free fatty acids, triglyceride, or cholesterol between ␤TSC2 Ϫ/Ϫ and control mice at 8 or 30 weeks of age ( Table 2) . The blood glucose levels of ␤TSC2 Ϫ/Ϫ mice increased markedly after 36 weeks of age, reaching ϳ600 mg/dl by 48 weeks (Fig. 2A) . Consistent with this observation, the plasma insulin concentrations of ␤TSC2 Ϫ/Ϫ mice decreased rapidly after 32 weeks and were significantly lower than those of control animals at 40 weeks (Fig. 2B) . The body weights of ␤TSC2 Ϫ/Ϫ mice were also significantly lower than those of control mice after 48 weeks (Fig. 2C) .
To examine further the hypoglycemia and hyperinsulinemia of young ␤TSC2 Ϫ/Ϫ mice, we performed oral glucose tolerance tests with 8-week-old animals that had been deprived of food overnight. ␤TSC2 Ϫ/Ϫ mice exhibited abnormal glucose tolerance, with the increases in blood glucose concentrations after of G418-resistant ES clones. BamHI-digested DNAs from two ES clones were analyzed with two probes. the glucose load being greatly reduced in these mice compared with those in control animals (Fig. 3A) . The insulin responses to glucose were also abnormal in ␤TSC2 Ϫ/Ϫ mice, with the plasma insulin levels 15 min after glucose challenge being significantly higher than those in control mice (Fig. 3B ). There were no significant differences in blood glucose or plasma insulin concentrations after oral glucose load between ␤TSC2 ϩ/Ϫ and control mice ( Fig. 3A and B) . We next evaluated acute insulin release in response to intraperitoneal glucose administration. The acute first-phase insulin secretory responses in ␤TSC2 Ϫ/Ϫ mice were markedly enhanced, with the plasma insulin concentrations in these mice being ϳ20 times those in control mice 2 min after glucose challenge and remaining at higher levels thereafter (Fig. 3C) .
Morphology of islets of ␤TSC2
؊/؊ mice. We then examined the effect of TSC2 deficiency on islet morphology. Immunofluorescence analysis revealed that islet densities were increased by ϳ50% in ␤TSC2 Ϫ/Ϫ mice compared with those in control mice at 6 weeks of age ( Fig. 4A and B) . The total ␤-cell masses ( Fig. 4A and C) and the sizes of individual ␤ cells (Fig.  4D) were also increased by ϳ150% and ϳ100%, respectively, in ␤TSC2 Ϫ/Ϫ mice compared with those in control mice at this age. In contrast, ␤-cell number did not differ between ␤TSC2 Ϫ/Ϫ and control mice (Fig. 4E) . Consistent with the rapid decrease in plasma insulin concentration apparent after 32 weeks of age in ␤TSC2 Ϫ/Ϫ mice (Fig. 2B) , the total ␤-cell masses were decreased by ϳ80% in these animals at 40 weeks of age compared with those in control mice (Fig. 4A and C) . Islet density (Fig. 4B ) and ␤-cell number (Fig. 4E) were also decreased in ␤TSC2 Ϫ/Ϫ mice, by ϳ50% and ϳ85%, respectively, whereas the sizes of individual ␤ cells remained significantly higher in ␤TSC2 Ϫ/Ϫ mice than in control mice at this age (Fig. 4D) . The abundances of the cleaved form of caspase-3 in islets were similar in control and ␤TSC2 Ϫ/Ϫ mice at 5 weeks of age but were increased in ␤TSC2 Ϫ/Ϫ mice compared with those in control animals at 35 weeks (Fig. 4F) , suggestive of an increased incidence of ␤-cell death by apoptosis in ␤TSC2 Ϫ/Ϫ mice at the latter age. Signaling molecules underlying the phenotypes of ␤TSC2 ؊/؊ mice. The increase in ␤-cell mass in ␤TSC2 Ϫ/Ϫ mice at 6 weeks of age was thus largely attributable to an increase in ␤-cell size, consistent with a role for TSC2 as a negative regulator of ␤-cell size. However, at 40 weeks of age, ␤TSC2 Ϫ/Ϫ mice showed a decreased ␤-cell mass that was mainly due to a decrease in ␤-cell number. To clarify the signaling molecules responsible for these phenotypes of ␤TSC2 Ϫ/Ϫ mice, we isolated islets from control and ␤TSC2 Ϫ/Ϫ mice at 6 and 35 weeks of age, incubated them with IGF-1 for 1 h, and then subjected them to immunoblot analysis. Ablation of TSC2 increased the amounts of the form of p70 S6 kinase phosphorylated on Thr 389 , the forms of 4E-BP1 phosphorylated on Thr 37 and Thr 46 , and the forms of S6 phosphorylated on Ser 235 and Ser 236 at both ages, irrespective of IGF-1 stimulation (Fig. 5A) . Given that the phosphorylation of p70 S6 kinase and 4E-BP1 on these residues is mediated by mTORC1 and that of S6 is mediated by p70 S6 kinase, these data suggested that mTORC1 activity in pancreatic ␤ cells was constitutively increased at both 6 and 35 weeks of age as a result of the loss of TSC2.
Previous studies, including ours, suggesting that Foxo1 is responsible for regulation of ␤-cell number (8, 15) prompted us to examine IGF-1-induced phosphorylation of Foxo1 in ␤TSC2 Ϫ/Ϫ mouse islets. The abundances of the Thr 24 -phosphorylated form of Foxo1 were reduced in the IGF-1-treated islets of ␤TSC2 Ϫ/Ϫ mice at both 6 and 35 weeks of age (Fig. 5A) . We also investigated the effects of TSC2 deletion on the insulin and IGF-1 signaling pathways in pancreatic ␤ cells. PDK1 and were reduced in IGF-1-treated islets of ␤TSC2 Ϫ/Ϫ mice compared to those in control mice at both 6 and 35 weeks of age (Fig. 5A) . Furthermore, the amounts of both IRS-1 and IRS-2 were reduced in ␤TSC2 Ϫ/Ϫ mice compared to those in controls at both 6 and 35 weeks of age (Fig. 5B) . These data suggest that the levels of insulin and IGF-1 signaling in islets were already reduced in ␤TSC2 Ϫ/Ϫ mice at 6 weeks of age. To examine the possibility that chronic activation of mTORC1 might be involved in the reduction of insulin signaling, we delivered an intraperitoneal injection of rapamycin, an inhibitor of mTORC1, into the mice and tested them at 40 weeks of age. Unlike untreated ␤TSC2 Ϫ/Ϫ mice, rapamycintreated ␤TSC2 Ϫ/Ϫ mice did not develop hyperglycemia (Fig.  6A) . In addition, rapamycin-treated ␤TSC2 Ϫ/Ϫ mice did not display a drop in plasma insulin concentrations at 40 weeks of age (Fig. 6B) . Moreover, immunohistochemistry revealed that ␤-cell mass was maintained in rapamycin-treated ␤TSC2 Ϫ/Ϫ mice compared to that in untreated ␤TSC2 Ϫ/Ϫ mice at 40 weeks of age (Fig. 6C) . Finally, immunoblot analysis of islets isolated from rapamycin-treated and untreated ␤TSC2 mice showed that rapamycin inhibition of mTORC1 led to reduced phosphorylation of p70 S6 kinase and S6 protein (Fig.  6D ). In addition, the expressions of IRS-1 and IRS-2 and the phosphorylations of Akt on Thr 308 and Foxo1 on Thr 24 were increased by rapamycin treatment in islets of ␤TSC2 Ϫ/Ϫ mice (Fig. 6D) . These results suggested that reduced insulin signaling in pancreatic ␤ cells of ␤TSC2 Ϫ/Ϫ mice is due to the activation of mTORC1.
Finally, in order to examine the pathological relevance of mTORC1 activation in pancreatic ␤ cells, we investigated whether the mTORC1 activity was altered in two mouse models of obesity and diabetes: wild-type mice fed a high-fat diet for 3 weeks and 8-week-old mice deficient in the leptin receptor (db/db). As indicated by phosphorylation of p70 S6 kinase on Thr 389 and 4E-BP1 on Thr 37/46 , mTORC1 activity was elevated in the islets of both groups of mice, irrespective of IGF-1 stimulation (Fig. 7) .
DISCUSSION
With the use of mice with specific gene deletions, either in the whole body or in a specific tissue, several studies have shown that the insulin or IGF-1 signaling pathway plays an important role in maintaining pancreatic islet mass (8, 17, 19, 28, 31) . Our previous study with ␤-cell PDK1-deficient mice prompted us to hypothesize that PDK1 may be responsible for insulin or IGF-1 regulation of both the numbers and the sizes of pancreatic ␤ cells. We found that downstream of PDK1 and Akt the signals diverged: Foxo1 contributed to cell number regulation, and mTOR contributed to cell size regulation (8) . To investigate our hypothesis, we generated mice with a pancreatic-specific deletion of TSC2, a negative regulator of mTOR. As expected, these mice manifested increased islet mass largely attributable to increases in the sizes of individual ␤ cells. In addition, the mice displayed hypoglycemia and hyperinsulinemia. Unexpectedly, at 40 weeks of age these mice developed progressive hyperglycemia and hypoinsulinemia accompanied by a reduction in islet mass due predominantly to a reduction in the number of ␤ cells.
Our analysis of ␤-cell signaling molecules in ␤TSC2 Ϫ/Ϫ mice revealed an induction of mTORC1 activation and a reduction in IRS/Akt/Foxo1 signaling in mice as young as 6 weeks old. Furthermore, the results with rapamycin, an mTORC1 inhibitor, suggested that the decrease of IRS/Akt/Foxo1 signaling was due to the activation of mTORC1.
Our results are consistent with other studies showing that a TSC2 deficiency in mouse embryonic fibroblasts resulted in the activation of mTORC1; this led to increases in Ser 302 phosphorylation of IRS-1 and degradation of the IRS-1 protein through a negative-feedback mechanism mediated by p70 S6 kinase (7) . Similarly, chronic activation of mTOR in INS-1 insulinoma cells resulted in increased levels of IRS-2 phosphorylation on Ser and Thr residues, which led to degradation of IRS-2 in the proteasome and increased apoptosis (3). Considering these reports, we speculate that a similar negativefeedback mechanism may operate in vivo in the ␤ cells of ␤TSC2 Ϫ/Ϫ mice. In support of this notion, mice deficient in p70 S6 kinase remained sensitive to insulin while kept on a high-fat diet as a result of the apparent loss of a negativefeedback loop (29) .
Our results suggest that the pancreatic ␤ cells of ␤TSC2 Ϫ/Ϫ mice likely receive two distinct signals from a young age (6 weeks): one to increase cell size through mTORC1 activation and the other to reduce cell number through nuclear localization of Foxo1, which lacks Thr 24 phosphorylation; the latter may possibly be the result of a negative-feedback mechanism induced by mTORC1 activation. It remains unclear why the former signal predominates in younger animals and the latter in older animals. Several other functions of mTORC1 that should be considered in future investigations have been recently reported (2, 24) .
Our findings in ␤TSC2 Ϫ/Ϫ mice at older ages are reminiscent of the decreased islet masses observed in individuals with type 2 diabetes, which also largely appears to be due to a reduction in the number of ␤ cells accompanied by an increase in ␤-cell size (K. H. Yoon, personal communication). However, several studies have suggested that TSC2 plays a minimal role in the pathogenesis of type 2 diabetes. For example, the ϳ70 to 80% depletion of TSC2 in HEK293 cells induced by RNA interference only slightly affected the activities of p70 S6 kinase and Akt (25) . Moreover, TSC2 haploinsufficiency in individuals with tuberous sclerosis was not associated with the development of diabetes. Nevertheless, we and others (29) have shown that mTORC1 activity is increased in mice fed a high-fat diet and in db/db mice; thus, mTOR activation in islets may explain the reduced ␤-cell number and increased ␤-cell size associated with type 2 diabetes.
Given that an increase in ␤-cell size is associated with an increase in the level of glucose-stimulated insulin secretion (6), it may be possible to treat diabetes by inducing an increase in ␤-cell size. Transgenic mice that overexpress a constitutively active form of Akt1 specifically in ␤ cells manifest both increased ␤-cell size and hyperinsulinemia (1, 26) . However, these mice also exhibit increased numbers of ␤ cells and increased ␤-cell proliferation, which may potentially cause problems in a diabetes treatment for humans. Our previous data (8) suggested that mTORC1 activation in pancreatic ␤ cells may represent an alternative means to increase ␤-cell size. However, our present results indicate that this approach would not be feasible, because we observed the activation of a negativefeedback mechanism in vivo. In another study, mice lacking both 4E-BP1 and 4E-BP2 displayed increased insulin resistance associated with increased p70 S6 kinase activity and impairment of Akt signaling; this suggested that 4E-BPs indirectly control p70 S6 kinase activity through competition for FIG. 7 . mTORC1 activity in the islets of animal models of obesity and type 2 diabetes. Islets isolated from mice fed with a high-fat diet for 3 weeks (HFD) and 8-week-old db/db mice (db/db) were deprived of serum for 2 h and then incubated in the presence (ϩ) or absence (Ϫ) of 100 nM IGF-1 for 1 h. The islets were then lysed and subjected to immunoblot analysis with the indicated antibodies. NC, normal controls; db/m, mice heterozygous for the leptin receptor.
binding to raptor and subsequent phosphorylation by mTOR (20) . Thus, we speculate that an overexpression of Ser/Thrphosphorylated 4E-BPs, specifically in pancreatic ␤ cells of mice, may increase ␤-cell size without activating the negative feedback from insulin or IGF-1 signaling. This hypothesis is currently under investigation in our laboratory.
